Mammalian genomic imprinting is regulated by Imprinting Control Regions (ICRs) that are usually associated with tandem arrays of transcription factor binding sites. In the current study, the sequence features derived from a tandem array of YY1 binding sites of Peg3-DMR (differentially methylated region) led us to identify three additional clustered YY1 binding sites, which are also localized within the DMRs of Xist, Tsix, and Nespas.
Introduction
A subset of mammalian genes are subject to an unusual dosage control, genomic imprinting, by which one of two alleles of the genes are repressed in a parental-originspecific manner. The imprinted genes are clustered in specific regions of chromosomes, and each imprinted domain is usually controlled by small genomic regions, termed Imprinting Control Regions (ICRs) (Brannan and Bartolomei, 1999; Spahn and Barlow, 2003) . These ICRs are usually located in CpG-rich regions near the promoters of imprinted genes and methylated differentially between two parental alleles. Surveys of the known ICRs indicated that these regions often show tandem repeat sequence structure and have evolved rapidly without any significant sequence conservation (Constancia et al., 1998; Reik and Walter, 1998) . Careful examinations of these ICRs revealed that the core sequences of these tandem repeats, ranging from 10 to 40 base pair (bp) in length, are conserved among different species, and that these conserved core sequences usually turn out to be transcription factor binding sites. Known transcription factors binding to these tandem repeat regions include CTCF for the ICR of H19/Igf2 imprinted domain, and YY1 for the DMR of Peg3 (Bell and Felsenfeld, 2000; Hark et al., 2000; Kim et al., 2003) . In the H19/Igf2 imprinted domain, CTCF has been shown to function as an enhancer-blocker for controlling allele-specific expression of H19 and Igf2 (Schoenherr et al., 2003; Fedoriw et al., 2004) . However, the in vivo functions of YY1 for the Peg3-imprinted domain are currently unknown.
YY1 is a Gli-Kruppel type zinc finger protein that controls the transcription of a large number of viral and cellular genes. YY1 can function as a repressor, activator, or transcriptional initiator depending upon the sequence context of YY1-binding sites with respect to other regulator elements (Thomas and Seto, 1999) . The protein has a DNAbinding domain at the C-terminus and other modulating domains at the N-terminus displaying repression, activation, and protein-protein interaction activities. YY1 interacts with several key proteins, including TBP, TAFs, TFIIB and Sp1 (Seto et al., 1993; Lee et al., 1993; Chiang et al., 1995; Usheva and Shank, 1994; Austen et al., 1997) . Other studies have also indicated that YY1 recruits histone-modifying enzymes including p300, HDACs and PRMT1 to control transcription (Lee at al., 1995; Yang et al., 1996; RezaiZadeh, 2003) . YY1 is evolutionarily well conserved throughout all vertebrate lineages and at least two genes similar to vertebrate YY1 are found in fly genomes. One of these YY1 homologues is known to be involved in the Polycomb complex-mediated repression mechanism (Brown et al., 1998) . In vertebrates, several studies also support the potential connection of YY1 to this heritable silencing mechanism (Satijn et al., 2001; Caretti et al., 2004) . YY1 is also thought to be involved in the formation of mammalian DNA repeat families based on the frequent detection of YY1 binding motifs in many families of different origin (Oei et al., 2004; Khan et al., 2006) .
In contrast to known YY1 functions in cellular and viral genes, the function of YY1 in the Peg3-imprinted domain is expected to be very unique based on the localization of a tandem array of YY1 binding motifs within a genomic region undergoing an unusual epigenetic modification, allele-specific methylation. To gain insights for the functions of this tandem array of YY1 binding sites, we have sought to identify more regions with similar clustered YY1 binding sites in the current study. With newly implemented strategies, we have identified 35 human and 21 mouse genomic regions with a tandem array of clustered YY1 binding sites. We have characterized some of these potential regulatory regions, including clustered YY1 binding sites located within Xist, Tsix, and Gnas loci, in terms of their in vivo binding to YY1 as well as potential roles in transcription and imprinting. The locations of clustered YY1 binding sites coincide with the Imprinting Control Regions (ICRs) of these domains, suggesting a significant functional role of these clustered YY1 binding sites in imprinting regulation.
Result

Identification of clustered YY1 binding sites in ICRs
Two unique features observed from the clustered YY1 binding sites of Peg3-DMR were used as searching criteria for finding potential new regulatory regions. First, the YY1 binding sites of Peg3-DMR are all positioned in the same orientation. Second, YY1 binding sites appear to be in an evolutionarily dynamic state, constant decay and regeneration, based on the observation that half of the YY1 binding sites within Peg3-DMR have intact CpG sites while the remaining half have the mutated version of CpG sites (CpA or TpG) (Kim et al., 2003) . We have developed a PERL-based script that can identify clustered YY1 binding sites exhibiting these two features. This program was designed to first identify any genomic region that has more than two YY1 binding sites (CGCCATnTT; n indicates any base at that position) with the same orientation within a 2-kb interval. The initial pool of the selected genomic regions was further tested for the presence of a less stringent binding site (CCATnTT) without the CpG dinucleotide or a minor form of YY1 binding sites (ACATnTT) (Yant et al., 1995) . If the initial pool of the selected genomic regions had more than 3 YY1 binding sites at a density of one site per 300-bp genomic region, these genomic regions were selected for further investigation. With these initial settings, we found 35 human and 21 mouse genomic regions that have tandem arrays of YY1 binding sites (Table 1 and Supplementary material).
Detailed examination of the mouse and human sets derived several interesting observations (Table 1) . First, the majority of these clustered YY1 binding sites (17/21) are derived from the first intron, exon, or promoter regions of individual genes, indicating the high success rate of our approach for finding potential regulatory regions. This high success rate is partly due to the CpG-containing binding motif of YY1, since the promoters of mammalian genes tend to be associated with CpG-rich sequences. Second, almost of all the clustered YY1 binding sites (19/20) show one particular orientation of YY1 binding sites relative to the transcriptional direction of their associated genes, while only one clustered YY1 binding site shows the other orientation. A recent survey has also reported a similar orientation bias of YY1 binding sites relative to transcriptional direction, but the reason for this bias is not well understood to date (Schug et al., 2005) .
Third, although these genomic regions have been independently identified because of their unusual high densities of YY1 binding sites, half of these binding sites appear to represent the orthologous genomic regions of different species: nine regions between human and mouse and twelve regions between mouse and rat. Most of these evolutionarily conserved YY1 binding sites show marginal sequence conservation between different species, ranging from 65 to 82% sequence identity. However, two YY1 binding sites located in the Peg3 and Xist locus show almost no sequence conservation beyond their YY1 binding sites, indicating that a tandem array of YY1 binding sites is the only evolutionarily selected feature in these two regions (Table 1) .
Our screening criteria have been designed to identify genomic regions in a dynamic state of CpG methylation, decay and regeneration. Some of the clustered YY1 binding sites are indeed derived from the regions that are subject to constant DNA methylation as part of the epigenetic regulation of their associated genes. Besides one known cluster in Peg3-DMR, three more clustered YY1 binding sites have been identified from such genomic regions, including the differentially methylated region of Nespas located in the Gnas imprinted domain (Fig. 1D) , a small CpG island located 1-kb downstream of the Xist transcription start site, and a 1-kb tandem repeat region located in the 2 nd intron of Tsix, which is also known as DXPas34 (DNA segment from chromosome X, Pastuer Institute 34; a Sequence Tag Site marker) (Fig. 1A) . The two clustered YY1 binding sites found in the Xist/Tsix locus are also localized within the CpG islands exhibiting differential methylation patterns between two parental alleles (Norris et al., 1994; Boumil et al., 2006) (Fig. 3C) . The 1.6-kb, Nespas-DMR harboring clustered YY1 binding sites has recently been shown to be the primary ICR for the Gnasimprinted domain (Williamson et al., 2006) .
Evolutionary conservation of the YY1 binding sites in the Xist/Tsix and Nespas locus.
We analyzed the evolutionary conservation patterns of the clustered YY1 binding sites identified from the Xist/Tsix and Nespas loci ( show any tandem repeat sequence structure, yet the two motifs appear to be the most obvious sequences that have been selected in this region (Fig. 1C ).
The clustered YY1 binding site located in the first intron of mouse Nespas harbors 7 potential YY1 binding motifs in a 1.7 kb-genomic region. Three out of these 7
potential motifs still contain a CpG dinucleotide within their binding motifs, which is also true for the orthologous region of rat Nespas (Fig. 1D ). In contrast, the orthologous human region was not initially identified as a clustered YY1 binding site with our 
Two divergent YY1 binding motifs in the Tsix cluster
The two motifs identified from the Tsix cluster were further analyzed in terms of their binding capability to YY1 using gel shift assays (Fig. 2) . For these experiments, we used four sets of duplex oligonucleotides. The two duplex probes, mYY1-1 and mYY1-2, contain the first (AGACATTTT) and second (AGGCATTTT) motifs, respectively.
These two probes were competed against two commercially available sets that have been designed for the YY1 gel shift assay. The yy1 probe contains the consensus sequence of YY1 binding sites (CGCCATCTT), and thus allows YY1 binding with high affinity. In contrast, the yy2 probe has three base changes in the critical region of YY1 binding (CATTATCTT), and thus the YY1 protein cannot bind to the yy2 probe. The first motif, mYY1-1, was tested with nuclear extracts prepared from HeLa cells ( Fig. 2A , Lane 1-6).
One protein complex binds to the mYY1-1 probe (Lane 2), and this binding was diminished when the yy1 probe was added for competition (Lane 3&4), but not with the yy2 probe (Lane 5&6). This suggests that the protein complex binding to mYY1-1 may be YY1. This was further confirmed with a supershift assay ( Fig. 2C , Lane 1-3), in which the protein complex binding to mYY1-1 was mobility-shifted by anti-YY1
antibody. We repeated a similar set of experiments with the second probe, mYY1-2, which contains the second motif found in the Tsix cluster ( Fig (Fig. 3B ). Furthermore, this enrichment was detected mainly in the female tissue, while the enrichment was detected equally in both sexes at the autosomal Peg3 locus. The Xist locus is active only in the inactive X (Xi) present in female mammals, whereas the Xist locus of the active X (Xa) present in both sexes is inactivated with methylation on the 5'-side CpG islands (Fig. 3C ). It has also been shown that YY1
binding is methylation-sensitive (Kim et al., 2003) . Therefore, the female-specific enrichment by the YY1 antibody may be an indication that the YY1 binding to the Xist cluster is allele-specific, only to the unmethylated, active Xist locus present in Xi. A similar set of ChIP assays were also performed on the second site, the Tsix cluster, with three primer sets (DXPas34; Fig. 3A ). However, due to the repetitive nature of this region, we have not been able to amplify this region efficiently and selectively.
Therefore, the in vivo YY1 binding to the Tsix locus could not be confirmed from this study.
Other clustered YY1 binding sites were also analyzed in terms of their in vivo binding to YY1 ( Nespas-DMR are also proven to be the in vivo binding sites of YY1 (Fig. 4B&C ).
Among three primer sets targeting the Nespas locus, only the primer set amplifying the clustered YY1 binding site showed detectable levels of enrichment by anti-YY1 antibody (Fig. 4C ), which is also true for the Peg3 locus (Fig. 4B ). Because these two clustered YY1 binding sites are located in differentially methylated regions, the allele-specific
binding of YY1 was further tested at these two loci. For these experiments, we used two hybrid mice, F1 (C3H x M. spretus) and F2 (F1 x M. musculus). In F1 mice, the maternal allele is derived from M. musculus while the paternal is from M. spretus. In F2 mice, these two species alleles have been switched oppositely to two parental alleles. To differentiate the two parental alleles, sequence polymorphisms were first identified between two parental species, and subsequently these polymorphisms were visualized with restriction enzyme digestions. As shown in Fig. 4B&C , restriction enzyme digestions clearly demonstrated the presence of two alleles at the Input DNAs, but only one dominant allele in the YY1-immunoprecipitated DNAs that were derived from both F1 and F2 tissues. This indicates that the immunoprecipitated DNA by the YY1 antibody was mainly derived from one of two parental alleles, in this case the paternal allele for both Nespas and Peg3.
Transcriptional activity of clustered YY1 binding sites
Since most of clustered YY1 binding sites are localized close to the promoter regions of the associated genes, we analyzed the potential transcriptional activity of these sites. For these experiments, we used the endogenous promoter regions that are associated with clustered YY1 binding sites to direct the transcription of two promoterless reporter genes, luciferase (pGL4, Promega) and IRES-β-Geo (Mountford et al., 1994) . In this scheme, the transcriptional involvement of the YY1 binding sites was determined by comparing the activities of the two types of reporter constructs: one with and the other without the YY1 binding sites. We constructed a series of reporters with genomic fragments derived from mouse and human Xist, mouse Tsix, mouse Peg3, and mouse Nespas. These constructs were transfected into several different cell lines (Fig. 5 ).
As shown in Fig. 5A , both human and mouse Xist contain two promoters and the second promoter region overlaps with the clustered YY1 binding site of Xist. The activity of the first promoter of mouse Xist (Construct P1) was minimal with the pGL4 reporter system in both Neuro2a and NIH3T3 cells, even lower than that of the 'empty' internal control (Construct pGL4), indicating no significant activity of this promoter with this reporter system. However, when the second promoter (P2) of mouse Xist containing three YY1 binding sites was combined with the first promoter (P1), a genomic context similar to the endogenous one (Construct P1P2), this construct yielded 22-fold higher activity than the control vector. This increased activity was detected only in the forward direction, indicating orientation-dependent increase of transcriptional activity by the P2
promoter. Mutations on two of the three YY1 binding sites (CGCCAT.TT to CATTAT.TT) dramatically decreased the transcriptional activity in the forward direction (Construct P1mP2), confirming the direct involvement of YY1 in the promoter activity of Xist. Another series of assays using the reporter system IRES-β-Geo also derived a similar conclusion that the inclusion of the YY1 binding sites increases the overall promoter activity of both mouse and human Xist (Constructs with β-Geo in Fig. 5A) . A similar pattern of results was also observed from the YY1 binding sites of mouse Tsix, boosting the transcriptional activity of promoters (data not shown).
The 2.5-kb clustered YY1 binding site of mouse Peg3 was also analyzed using constructs derived from the IRES-β-Geo system (Fig. 5B) . binding sites identified in this study also have enhancer-blocking activity (Fig. 6 ). For these experiments, we used a cell line-based assay system utilizing a construct, pNI-CD, which contains the Neomycin resistance gene (NeoR) as a reporter under the control of the erythroid-specific enhancer and promoter with a testing DNA fragment being positioned between this enhancer and promoter (Chung et al., 1997; Bell et al., 1999; Fig. 6B ).
Consistent with the human Peg3-DMR (Kim et al., 2003) , the clustered YY1 binding sites of mouse Peg3-DMR also showed similar enhancer-blocking activity with the forward direction being more obvious, suggesting the evolutionary conservation of this activity in both species (mPeg3-1F). However, the clustered YY1 binding sites derived from both Xist and Tsix showed an unexpected, opposite outcome. The clustered YY1 binding sites of Xist and Tsix from mouse (mXist and mTsix), human (hXist), bovine (bXist), and rat (rTsix) all yielded much higher numbers of surviving colonies than the control construct without an insulator, pNI-CD(-AscI). This increase was observed in both orientations of the clustered YY1 binding sites. This is very unusual because any given DNA fragment without insulator activity, such as λ DNA fragments, usually yields either similar or slightly lower numbers of surviving colonies than the pNI-CD(-AscI) construct (Bell et al., 2000; Hark et al., 2000) . As an independent measure to resolve the two different outcomes between the YY1 clusters of Peg3-DMR versus the Xist/Tsix locus, we tested two unrelated DNA fragments containing a tandem array of YY1 binding sites: one 1.2-kb DNA fragment derived from one type of mouse LINE (mL1) and a 800-bp DNA fragment derived from the last intron of human fibrulin 1 gene (FVB). Both fragments also showed a similar result, the increased numbers of surviving colonies, suggesting that multiple YY1 binding sites be responsible for the observed increase. This is quite different from the enhancer-blocking activity observed from the YY1 sites of Peg3-DMR (Kim et al., 2003) . It remains to be studied further in the future, but these results suggest that clustered YY1 binding sites may not function as an enhancer-blocker, and that the insulator activity observed from the clustered YY1 binding sites of Peg3-DMR may be a locus-specific activity.
Discussion
The clustered YY1 binding site of the Peg3-DMR region led us to identify three additional clustered YY1 binding sites that are localized in genomic regions undergoing similar epigenetic regulation as Peg3, the DMRs of Xist, Tsix, and Nespas. These genomic regions have maintained a tandem array of YY1 sites throughout mammalian evolution. The YY1 binding to these regions except for Tsix is shown to be allelespecific and only to the unmethylated, active allele of the regions. The promoter and insulator assays also suggest that these regions function as a potential transcriptional enhancer but not as an enhancer-blocker.
Our screening strategy with the features derived from the Peg3-YY1 binding sites has been successful for finding additional ICRs as clustered YY1 binding sites. Four out of 21 clustered YY1 binding sites in mouse turn out to be ICRs, which is an unusual enrichment given the sheer number difference between imprinted and non-imprinted genes (~ 100 to 40,000 per each mammalian genome). An independent study also reported the unusual enrichment of a particular sequence motif in imprinted domains, (Motif 13: GGCCTGCCCTCCATCTTAG), which also appears to contain the minimal core motif of YY1 binding sequences (Wang et al., 2004) . This frequent occurrence of YY1 binding sites in imprinted domains may be related to the two unique features of YY1. First, YY1 binding to its CpG-containing binding site (CGCCAT.TT) is methylation-sensitive and thus can be controlled by the CpG methylation (Kim et al., 2003) . This controllable binary mode of the YY1 binding to DNAs is an ideal feature for ICRs, which are predicted to regulate allele-specific involvement of trans factors. This has been further demonstrated in vivo in the current study showing the allele-specific binding of YY1 to Xist, Nespas, and Peg3 (Fig. 3&4) . Second, in Drosophila, YY1 is one of DNA-binding proteins responsible for the targeting of the Polycomb complex (Brown et al., 1998) . The stable and heritable repression mediated through the Polycomb complex is similar, in many ways, to that of genomic imprinting. In fact, mammalian
Polycomb complexes have been shown to be involved in maintaining the repressed state of imprinted domains (Mager et al., 2003; Lewis et al., 2004; Umlauf et al., 2004) .
Several studies also suggest that mammalian YY1 plays a similar role as shown in Drosophila as a targeting (or recruiting) protein of the Polycomb complexes (Caretti et al., 2004; Srinivasan et al., 2005) . Thus, the unusual enrichment of YY1 binding sites may be for the targeting of the Polycomb complexes to the imprinted domains. In a similar line, it is interesting to note that the clustered YY1 binding sites of Peg3, Xist, Tsix, and Nespas all inherit their DNA methylation as a gametic signal from the previous generation (Norris et al., 1994; Lucifero et al., 2002; Coombes et al., 2003; Boumil et al., 2006) . This suggests that YY1 and mammalian Polycomb complexes may be also involved in establishing imprinting signals on these ICRs during gametogenesis.
Most clustered binding sites are localized very close to promoters or 1 st introns of genes ( Table 1 ), suggesting that multiple YY1 binding sites are closely related to some unknown aspects of transcription. Consistently, the multiple YY1 binding sites of Peg3, Xist and Tsix appear to increase the transcriptional strength of their promoters (Fig. 5 ).
This also agrees well with the results of recent studies on the Tsix promoter, revealing that the YY1 binding sites in Tsix, DXPas34, have enhancer-like functions (Debrand et al, 1999; Stravropoulos et al., 2005) . This region does not function as an independent enhancer, but some other upstream enhancers require this region for their transcriptional activation. The multiple YY1 binding sites also show an unusual orientation bias relative to gene's transcriptional direction (Table 1 ). The reason for this bias is not well understood, but may be related to earlier observations regarding YY1 functions (Natesan and Gilman, 1993; Kim and Shapiro, 1996) . These studies indicated that YY1 has an unusual DNA-bending capability and also that this bending activity is required for the transcription of the associated genes. The potential involvement of YY1 in the bending of DNA or chromatin structure is well supported, particularly, by the multiplicity of YY1 binding sites. It is easily conceivable that multiple binding sites with one particular orientation may be necessary for the bending of relatively large-size DNAs or chromatin of promoter regions.
The tandem arrays of YY1 binding sites derived from Xist, Tsix, and two other genomic loci do not have enhancer-blocking activity. This differs from the multiple YY1
binding sites of Peg3-DMR. According to the results from our insulator assays (Fig. 6) , the multiple YY1 binding sites tend to derive an opposite outcome as expected from typical enhancer-blockers, resulting in more surviving colonies than the control vector.
In this colony assay system, the boosted colony number could be caused by either Bell et al., 2001 ). The simplest model would be similar to the original enhancer competition hypothesis (Bartolomei and Tilghman, 1997; Brannan and Bartolomei, 1999) . The ICRs with multiple YY1 binding sites in an unmethylated allele provide dominant transcriptional strength to immediate neighbor genes due to their proximity and/or compatibility, whereas in a methylated inactive allele the surrounding genes located in farther genomic distances can be transcribed due to the inactive state of the dominant genes. It needs to be tested in the future, but the ICRs with a tandem array of YY1 binding sites are predicted to provide new paradigm(s) for imprinting regulatory mechanism.
Methods
Identification of clustered YY1 binding sites
To test and optimize our bioinformatics searches, we performed a series of pretests, including Position Weight Matrix-based searches using more generous and statistical methods. One of main lessons from these pretests was that many genomic regions could be easily identified as potential clustered YY1 binding sites with the total number of positive hits per each genome ranging from several hundreds to thousands. In particular, many positive hits turned out to be associated with repetitive DNA elements in both human and mouse. Therefore, we decided to perform more stringent searches using masked genome sequences. We also decided to perform more focused searches targeting evolutionarily dynamic regions with constant decay and regeneration of the CpG dinucleotide. All the lessons learned from the pretests have been incorporated into the final version of our homemade PERL script. Using this script, we have analyzed the masked genome sequences of human (hg17), mouse (mm5), and rat (rn3). The identified genomic regions were mapped and annotated using the BLAST and Mapviewer programs. The PERL script and the sequences of the identified clustered YY1 binding sites can be available upon request.
Gel shift assay
The Gel Shift Assay system (Promega, Madison, WI) was used for our DNA mobility shift assays. About 4 µg of nuclear extracts were first mixed with binding buffer and unlabeled competitor probes with varying amounts (10 to 100 pico moles) for 20 minutes at room temperature and later mixed with the P 32 -labeled duplex probes (1 pico mole) for additional 10 minutes at room temperature. The reaction mixtures were separated on 5% native polyacrylamide gel (acryl:bis=37.5:1) in 0.5X Tris buffer at pH 8.0 for 2 hours, and the separated gels were exposed to X-ray films for 1 hour. For supershift assays, the polyclonal antibody raised against the entire portion of human YY1 Chromatin ImmunoPrecipitation (ChIP) assay
Chromatin immunoprecipitations were performed according to the protocol provided by Upstate Biotechnology (Upstate Biotech., NY, NY) with some modification as described previously (Kim et al., 2003) . Briefly, we used mouse brain tissues from protein complexes were reverse cross-linked and purified through phenol/chloroform extraction. Purified DNA was used as templates for PCR amplification. The oligonucleotide sequences used for this study can be available upon request. PCR reactions were carried out for 36 cycles using standard PCR conditions. The resulting PCR products were analyzed by running on 1.6% agarose gel and staining with ethidium bromide.
Promoter/Enhancer assay
The 5.1-kb IRES-β-Geo fragment was transferred from the pGT1.8IresBgeo
vector (Mountford et al., 1994) compared to that of the internal control. Each construct was analyzed more than three times using different cell lines shown inside a parenthesis. Since the overall patterns of data were similar among different cell lines, the graph shows only one representative data set from one of these cell lines, the name of which is underlined. The four constructs on the bottom represent the constructs of mouse and human Xist using another vector system, IRES-ß-Geo. Two other YY1 binding sites were also analyzed in a similar way:
the YY1 binding sites of mouse Peg3 B) and mouse Nespas C). In the case of constructs derived from IRES-ß-Geo, the empty control vector does not yield any activity at all, and thus the vector construct containing each promoter without YY1 binding sites was used as an internal control. 
